Abstract: Environmental issues have increasingly received attention in both industry and academia. Many firms have started to make sustainable investments, such as adopting the pollution-abatement technologies, to reduce carbon emissions. To investigate the impacts of the sustainable investment on firms' profit and emission reduction, we consider supply chains with uncertain demand in different power structures. Specifically, we examine the sustainable investment problem in three supply chain power structures, i.e., manufacturer Stackelberg (MS) power structure, vertical Nash (VN) power structure and retailer Stackelberg (RS) power structure. We first derive the optimal decisions for both the retailer and manufacturer in each power structure. Then, by comparing the results in the three power structures, we find that the manufacturer gets benefits from making the sustainable investment, especially in unequal power structures. When the average market size is large (small) enough, both of the supply chain members obtain more profits in the MS (RS) power structure. From an environmental perspective, we find that the emission reduction is more significant in sequential games (i.e., MS and RS power structures) than that in a simultaneous game (i.e., VN power structure). In addition, we conduct some numerical studies and discuss more managerial insights in the paper.
Introduction
Facing environmental issues, many firms have adopted some pollution-abatement technologies to reduce carbon emissions and essentially keep biological systems remaining diverse and productive, indefinitely. These actions and related environmental issues are so called sustainability issues, which are increasingly significant for firms nowadays. Note that the adoption of sustainable technologies requires substantial investments and it usually cannot be evaluated by purely economic indicators. Observed from industry and academia, environmental policies and market response motivate firms to invest in sustainable technologies [1] . Regarding the environmental policies, the environmental tax credit is often utilized as an efficient incentive for firms to invest in sustainable effort to control the emissions [1] [2] [3] . For example, the solar Investment Tax Credit (ITC) benefits and supports firms that adopt the solar energy deployment in the United States [4] . Focused on the market side, the sustainable investment has positive effects on the demands of the eco-friendly products, as shown in both research papers and industry reports [4] [5] [6] . It implies that some customers are environmental aware. They accordingly have preferences for the products that have high sustainable levels. From the above observations, we find that firms need to consider the trade-off between sustainable investment in pollution-abatement technologies and its incentives, such as the environmental tax credit and the benefits from incremental demands. Thus, it is significant to analyze the firms' sustainable investment from both economic and environmental perspectives.
In addition, it is also interesting to investigate that how a manufacturer's dominant position affects the sustainable investment in supply chains. Acting as a core enterprise in supply chains, Apple has issued a $1.5 billion green bond for environmental and sustainable projects since 2011. As a result, it addressed its significant environmental responsibility by showing the result that the comprehensive carbon footprint was reduced by 8.9 million metric tons in 2016 [7] . On the other hand, some large retailers also involve in their supply chain partners' sustainable projects. For instance, Marks&Spencer, the largest retail group in the UK, orders from its supplier only when the upstream strictly follows the Supplier Code of Conduct. As a result, it is shown that 42% of the cotton materials that are offered by M&S's qualified suppliers came from sustainable sources in 2016 (32% in 2015) [4, 8] . However, after participating in supply chain leaders' sustainable projects, whether the followers with less power will get hurt and the impact of their sustainable effort on environmental performance are still unknown. We attempt to investigate whether the manufacturers with dominant positions have more incentive to make sustainable investment than other supply chain members with less power. In addition, we will examine whose sustainable investments, the leader's or the follower's, has more significant impact on the emission reduction. We are also interested in how the factors such as average market size, consumer environmental awareness, sustainable investment cost and tax credits affect the supply chains' economic and environmental performances in different power structures?
In the existing literature, the issue of sustainable investment in a supply chain with the consideration of power structure is rarely studied, except Chen et al. [9] and Shi et al. [4] , who, however, did not take demand uncertainty into account in their studies. In our paper, the joint effect of power structures and sustainable investment in the economic and environmental performance, such as emission reduction of the supply chain, has been investigated. We consider a two-echelon supply chain where the manufacturer has options to make sustainable investment, while the retailer makes ordering decisions. Following the industrial applications, we assume that the sustainable investment brings about tax credit and demand increases. The sustainable investment and ordering decisions are analyzed in three power structures, i.e., manufacturer Stackelberg (MS) power structure, vertical Nash (VN) power structure and retailer Stackelberg (RS) power structure, respectively. By comparing the results in the three power structures, we derive some significant managerial insights. To the best of our knowledge, it is the first paper that studies the joint effect of sustainable investment and different supply chain power structures with stochastic demand settings. We find that the manufacturer gets benefits from making the sustainable investment, especially in cases with unequal supply chain power. When the average market size is large (small) enough, both the manufacturer and retailer gain more profits and the emission reduction is the most notable in the MS (RS) power structure, which is equivalent to a sequential game. Then, from an environmental perspective, we can state that the emission reduction is more significant in sequential games than that in a simultaneous game (i.e., VN power structure).
The paper is organized as follows. In Section 2, we review the related literature. Section 3 introduces the three models in different supply chain power structures. In Section 4, we analyze the manufacturer's optimal sustainable investment and the retailer's operations decisions. In Section 5, all the optimal decisions are compared and the managerial insights are derived. We compare the related economic and environmental performance in the same section. More insights are provided with numerical analysis. Section 6 concludes the paper. All of the technical proofs are relegated to the Appendix A.
Literature Review
Our paper is related to two streams of research in the literature. The first stream is the supply chain management with sustainability issues, and the second one is the impact of different power structures in supply chains.
Sustainability issues have gained extensive attention in the supply chain management literature, and there is an increasing consensus that these issues should be incorporated into operations decisions [5, 6] . Some papers have investigated the carbon emission with supply chain aspects, e.g., production/inventory decisions, sourcing problems, return polices and supplier evaluation [10] . Choi [11] investigates how a carbon footprint taxation scheme could be imposed on a fashion quick response system by discussing the ordering and inventory decisions. Rosič and Jammernegg [12] analyze the impact of the environmental regulations on a dual sourcing problem. Niu et al. [13] study the economic and environmental sustainability conflicts in a supply chain under direct sourcing and sub-sourcing. It is shown that subsidizing regulation may achieve both the economic and environmental goals while punishing may not. Shen and Li [14] analyze the effects of the return policies, which bring about leftovers on the sustainability of a fashion supply chain. Guo et al. [15] adopt a fuzzy multi-criteria decision-making approach to evaluate the green supplier. Based on a case study in China, He et al. [16] discuss the development of low-carbon logistics. Cheng et al. [10] address the fact that one of the critical elements for integrating the carbon reduction and energy savings into supply chain management is sustainable investment, which is necessary for sustainable adoption such as pollution-abatement technologies and deployment of new energy. However, the investment in sustainability is not considered by the majority of the above literature.
Considering the sustainable investment, Benjaafar et al. [17] investigate the integration of carbon mission concerns and production/inventory decisions. Drake et al. [3] investigate the sustainable investment with comparison of different emission regulations such as emission tax and cap-and-trade regulations. After analyzing the joint decisions of replenishment and sustainable investment under cap-and-trade and emission tax policies, Toptal et al. [18] show that sustainable investment may reduce both the carbon emission and cost. Acting as effective promotion of sustainable investment, consumer environmental awareness and tax credits have been widely studied recently. Two early papers, Yalabik and Fairchild [19] and Liu et al. [20] , address consumer environmental awareness being an incentive for the firm's sustainable investment. Jaber et al. [21] , Zhang et al. [22] , Du et al. [23] , Li and Shen [24] , and Dong et al. [6] discuss the supply chain coordination with consideration of incentives such as consumer environmental awareness and/or emissions reduction. Drake et al. [3] analyze the impact of emission trading and tax regulation on the green technology selection and capacity decisions.
Considering consumer environmental awareness, tax credits and investment in technologies of emissions reduction/clean energy development, the effect of supply chain power structure is also investigated in our paper. Under this framework, different supply chain power structures are often modeled with respect to the sequential actions of the manufacturer and retailer. Anupindi and Bassok [25] model the interaction between a manufacturer and two retailers as manufacturer Stackelberg games where the manufacturer makes channel strategies. The interaction can also be modeled as a vertical Nash game in which firms make their decisions simultaneously [26] . To model the situation with a power retailer, Dukes et al. [27] consider a retailer Stackelberg game. Unlike the above papers that concentrate on one specific game, existing literature also studies and compares decisions/performances in different power structures. Choi [28] investigates the pricing decision of a supply chain consisting of two competing manufacturers and a common retailer. Three non-cooperative games of different power structures are analyzed: manufacturer Stackelberg, vertical Nash and retailer Stackelberg. Ertek and Griffin [29] explore the effects of power structure on price decisions, sensitivity of average market price, and related profits. Chen and Wang [30] study the impacts of power structure on the channel selection between the free and bundled channels. Luo et al. [31] examine the impact of different power structures on the prices and profits of both the manufacturers' and retailers' sides. There is some literature that considers the consumer environmental awareness with other supply chain respects, e.g., different power structures, supply chain performance valuation and business modes selection. Specifically, Chen et al. [9] compare the equilibrium solutions in three supply chain power structures to analyze the effects of power relationships on sustainability performance of the manufacturer who is the only one creating sustainable investment. Shi et al. [4] further investigate the joint effect of different power structures and sustainable investment on the economic and environmental performance in a supply chain, and consider investment as an option for both the manufacturer and retailer. However, these studies do not taken the demand uncertainty into consideration.
The impacts of demand models on firms' operational decisions have been widely considered. Studying the sustainable issues with the consideration of consumer environmental awareness and information updating, Cheng et al. [10] consider a newsvendor problem with sustainable investment. They find that the manufacturer's optimal sustainable investment when the retailer adopts the big data technology depends on the service level on the retailer side. Shi et al. [32] examine how the impacts of supply chain power structure depend on different stochastic demand models. They show that the impact of power structure on supply chain efficiency depends on the models of both expected demand and demand shock. Our study is similar to these two studies by considering similar settings for the demands; however, we focus on examining the joint effect of the sustainable investment and power structure with stochastic demands, which significantly affect the environmental performance. Table 1 shows the positioning of our paper in the literature. As shown in Table 1 , this is the first paper that studies the joint effect of sustainable investment and supply chain power structure with the consideration of stochastic demand. In addition, this paper is consistent with the industrial practice by considering carbon emission reduction, consumer environmental awareness, and tax credits as incentives of sustainable investment. These incentives are investigated in different streams of studies and eventually epitomized in this paper.
Modelling Framework
Consider a manufacturer (he) sellng a single type product at a unit wholesale price w to a retailer (she), who fulfills the stochastic demand at a unit retail price p. The unit production cost of the manufacturer is c. Since the demand is stochastic, some leftovers exist at the end of the selling period. Denote v as the unit salvage value of the unsold products. Clearly, we have p > w > c > v.
Following the literature and industrial practice, we consider that the manufacturer has an option to invest in improving the product functionality to a higher eco-friendly level [4] . Define e as the increment of sustainable level, which represents the increase of eco-friendly degree after investment. Note that this parameter represents the carbon emission reduction per unit product due to sustainable investment. Since it highly depends on the amount of sustainable investment, we refer to e as sustainable investment level for short. Let D denote the stochastic demand of the products. Consistent with the literature (see e.g., Dong et al. [6] and Cheng et al. [10] ), the demand function can be expressed as follows:
where β > 0 represents the degree of consumers' environmental awareness, and x ≥ 0 is the demand base. Assume that x is irrelevant to the sustainable level and normally distributed with mean µ and variance σ 2 , i.e., x ∼ N(µ, σ 2 ). We refer to µ as the average market size. Let Φ(.) and φ(.) represent the cumulative distribution function and probability density function of the standard normal distribution, respectively. In addition, let Φ −1 (.) denote the inverse function of Φ(.) and let Q denote the retailer's ordering quantity. To avoid the trivial outcomes, we assume that Q ≥ βe.
One of the primary incentives of sustainable investment is environmental taxation/tax credits [6] . Therefore, we assume that the increment of sustainable level (i.e., e) benefits the manufacturer from environmental tax reduction or brings about tax credit, which is presented as follows:
T(e) = te, where t > 0 is the environmental tax reduction/tax credit parameter. Note that it is determined by the per unit emission reduction equivalent and tax rate/credit. The manufacturer's sustainable effort brings about the sustainable investment cost to him. We model the following investment cost function:
It indicates that the total sustainable investment cost is increasingly convex in e. This assumption is wildly used in the literature (see, e.g., Dong et al. [6] and Cheng et al. [10] ). The retailer's decision is order quantity (i.e., Q), and the manufacturer decides the increment of sustainable level (i.e., e), which represents the amount of sustainable investment, essentially. Based on the above settings, we next present three supply chain power structures, i.e., (1) the manufacturer Stackelberg (MS) power structure, (2) the vertical Nash (VN) power structure, and (3) the retailer Stackelberg (RS) power structure. Both firms' objectives are to maximize their profits. Define Π i r and Π i m as the retailer's and manufacturer's optimal expected profits, where i = m, n, r denotes the MS, VN and RS power structures, respectively. Let x + = max(x, 0); then, the optimal expected profits are expressed as:
The manufacturer and retailer make sequential decisions in the MS power structure. Based on the expectation of retailer's response, the manufacturer decides the optimal sustainable investment level (i.e., e) first. Then, the retailer determines the ordering quantity in response to the sustainable investment level.
In the VN power structure, the two firms make decisions simultaneously. The retailer decides the ordering quantity of the product and the manufacturer decides the sustainable investment level to maximize profits.
In the RS power structure, the two decision-makers move in sequence. By taking the manufacturer's possible response function into consideration, the retailer decides the optimal order quantity. Then, the manufacturer decides the sustainable investment level in response to the given order quantity.
Analysis of Different Power Structures
First, we consider the MS power structure. The retailer's optimal order quantity is denoted as Q m , and the manufacturer's optimal sustainable investment level is denoted as e m . We have the following lemma: Lemma 1. In the MS structure, the retailer's optimal order quantity and the manufacturer's optimal sustainable investment level are as follows:
where
After substituting the optimal decisions into Equations (1) and (2), then the optimal expected profits can be expressed as follows:
Next, we analyze the optimal decisions in the VN power structure. The retailer's optimal order quantity is denoted as Q n , and the manufacturer's optimal sustainable investment level is denoted as e n . We have the following lemma: Lemma 2. In the VN power structure, the retailer's optimal order quantity and the manufacturer's optimal sustainable investment level are as follows:
After substituting the optimal decisions into Equations (1) and (2), then the optimal expected profits are expressed as follows:
In the RS power structure, the retailer's optimal order quantity is denoted as Q r , and the manufacturer's optimal sustainable investment level is denoted as e r . We have the following lemma: Lemma 3. In the RS power structure, the retailer's optimal order quantity and the manufacturer's optimal sustainable investment level are as follows:
.
After substituting the optimal decisions into Equations (1) and (2), the optimal expected profits are expressed as follows:
Comparison

Analytical Comparison of the Decisions and Performance
We investigate the impact of power structure on the optimal decisions, emission reduction and profits in this section. Based on the results of comparison, we investigate the incentive of sustainable investment, the environmental performance and the retailer's role in sustainability issues.
For the effect of power structure on the manufacturer's optimal sustainable investment level (i.e., e), we obtain the following proposition: Proposition 1. e m > e n and e r > e n . If µ ≥μ, then e m ≥ e r ; otherwise, e m < e r , where:
Note that the condition µ ≥μ always holds when k (λ − 2βt) ≤ k(λ − βt). Proposition 1 indicates that the sustainable effort as a function of the supply chain member's power is U-shaped. This result implies that when either of the firms becomes the leader, the manufacturer will make more sustainable investment. Since the amount of sustainable investment is the only decision made by the manufacturer, he has to raise it towards a higher level in a sequential game than he does in a simultaneous game. This result is different from that with deterministic demand setting (see e.g., Shi et al. [4] ). In addition, when the average market size is large enough (i.e., µ ≥μ), the manufacturer makes the most sustainable investment when he becomes the leader of the supply chain. This is because the effect of sustainable efforts on demand incentive and environmental tax reduction dominates the sustainable investment cost when the demand is large. This result is consistent with the observation in industry that sustainable practices are well observed from manufacturers with large market size (e.g., H&M and Zara), while they are seldom advocated by a manufacturer who focuses on a niche market.
Next, we discuss how the retailer's optimal decision varies in different power structures. To highlight the impact of sustainable investment on ordering decisions, we first consider a case that the manufacturer makes no sustainable investment as a benchmark. The order quantity in the benchmark is denoted as Q 0 . Solving our problem by letting e = 0, we derive that Q 0 = µ + kσ. For the effect of power structure on the retailer's optimal ordering quantity (i.e., Q), we obtain the following proposition: Proposition 2. Q m > Q n > Q 0 and Q r > Q n > Q 0 . If µ ≥μ, then Q m ≥ Q r ; otherwise, Q m < Q r , where:
Proposition 2 shows that the order quantity as a function of the retailer's power is U-shaped. It implies that when either of the firms becomes the leader, the retailer will order more products. Combining this result with the relationships of the manufacturer's sustainable investment in Proposition 1, we further demonstrate how a retailer could contribute to sustainable development. In sequential games, the retailer is able to utilize a higher order quantity to attract the manufacturer's sustainable investment (i.e., Q i > Q n and e i > e n , ∀i = m, r). In addition, the retailer orders more in the VN power structure than that in the benchmark (i.e., Q n > Q 0 ). It also implies that the retailer's increasing orders boost the manufacturer's sustainable investment in simultaneous games. In order to further analyze the manufacturer's and retailer's optimal decisions in sequential games, we compare the threshold value of average market size and obtain the following corollary. Corollary 1. Becauseμ >μ, then e m ≥ e r > e n and Q r ≥ Q m > Q n when µ ∈ [μ,μ]. In addition, e m ≥ e r > e n and Q m ≥ Q r > Q n , when µ >μ. If µ <μ, then e r ≥ e m > e n and Q r ≥ Q m > Q n .
This corollary shows that, when the average market size is medium, the retailer has an opportunity to make the manufacturer invest at the highest level (i.e., e m > e r ) with less order quantity (i.e., Q m < Q r ), when the manufacturer plays a leading role in the supply chain. In addition, when the average market size is large enough (i.e., µ >μ), the retailer enlarges the ordering quantity to allow the manufacturer to keep making the highest sustainable investment with his leadership. When the average market size is relatively small (i.e., µ <μ), the retailer orders more than other cases when she is the leader. As a result, the manufacturer has to make the highest sustainable investment.
In addition, we study the environmental performance in different power structures. We define ER i = Q i e i as the total emission reduction by sustainable investment. Comparing the total emission reductions in each power structure, the following proposition shows the environmental performance in different power structures. This proposition shows that it is beneficial for the environment when a dominator exists in a two-echelon supply chain. Since the emission reduction is determined by the sustainable effort and ordering quantity, combining the results in Proposition 1 and 2, the gap between emission reductions in different power structures is enlarged. In addition, when the average market size is large enough (i.e., µ >μ), the highest sustainable investment is made in the MS power structure. Acting as a follower, the retailer orders more than she does in any other power structures. In addition, the emission reduction is then amplified. On the other hand, when the average market size is small enough (i.e., µ <μ), the retailer utilizes her power to order in the RS power structure the most. Then, the manufacturer has an incentive to make the most sustainable investment in this case. As a result, the emission reduction is the most notable in the RS power structure, when the average market size is small.
The above propositions imply that unequal supply chain power structures are more advantageous than equal ones from environmental and consumers' perspectives because of the higher emission reduction and more fulfillment of demands. It is suggested that the regulator may adopt policies such as providing subsidies to disequilibrate the simultaneous game in a supply chain with equal power structure. Similarly, these observations also show that it is more beneficial for both the environment and consumers in the MS (RS) power structure when the average market is large (small) enough.
Next, we analyze the economic performance by demonstrating the retailer's and manufacturer's profits in each power structure. Their profits for the benchmark that no one makes sustainable investment are denoted as Π 0 r and Π 0 m , respectively. In order to obtain neat results, we assume a high inventory service level (e.g., Φ(k) > 0.5), which is a common practice in industry (see e.g., Iyer and Bergen [35] and Choi [11] ). Accordingly, φ(k) decreases in k. Later, we will release this assumption with numerical analysis. For the effect of power structure on the retailer's optimal profit (i.e., Π r ), we obtain the following proposition:
Interestingly, Proposition 4 also indicates that the retailer's expected profit as a function of the retailer's power is U-shaped. In addition, it is possible for the retailer to get a lower profit when she is the leader than in the case when she is a follower. Moreover, the manufacturer's sustainable investment benefits the retailer by the profit improvement from the demand incentive. We further investigate the retailer's profits in different power structures by considering a low service level (e.g., Φ(k) < 0.5) through numerical analysis. For the values of parameters, we set β = 3, t = 2.5, λ = 25, w = 60, v = 30 and c = 50. In addition, we set p = 70 in a low service level case, and consider a high service level case to compare with by setting p = 100. We change µ from 20 to 100. Figure 1 (left) shows that when the service level is relatively low, the retailer's profit decreases in her power. This observation is different from results in Proposition 4. Acting as a leader in the supply chain, the retailer's profit becomes the lowest in the RS power structure with low service level. When the service level is lower than 0.5, the safety factor becomes negative and φ(k) < φ(k ). Accordingly, the retailer's profit in the RS power structure is lower than any other power structures. In addition, Figure 1 (right) confirms our analytical results in Proposition 4.
For the effect of power structure on the manufacturer's optimal profit (i.e., Π m ), we have the following proposition:
This proposition indicates that the manufacturer has an incentive to make sustainable investment through profit improvement (i.e., Π i m > Π 0 m , ∀i = m, n, r). In addition, we find that the manufacturer's expected profit is a U-shaped function of the manufacturer's power. This result is consist with our previous findings. In that case, it is possible to simultaneously achieve the economical and environmental optimality when either firm is the leader of the supply chain (i.e., Π j i > Π n i > Π 0 i and ER j > ER n , ∀i = r, m and j = r, m).
Numerical Studies
Analytical comparison of the emission reduction and manufacturer's profits between the two sequential games is unfortunately intractable. To further investigate the manufacturer's sustainable investment motivation and the performance of emission reduction from the environmental perspective, we compare the manufacturer's profit and emission reduction in various power structures with numerical studies. Consistent with analytical results, we discuss the impact of average market size on the manufacturer's profits and total emission reduction. For the values of parameters, we set β = 3, t = 2.5, λ = 20, σ = 20, p = 12, w = 7, v = 3 and c = 5, and change µ from 5 to 95. From Figure 2 (left), we observe that there exists a threshold above which it is more profitable for the manufacturer in the MS power structure than in other power structures. In addition, it is larger than the thresholds of sustainable effort (i.e.,μ) and order quantity (i.e.,μ). Figure 2 (right) shows that the emission reduction is more significant in the MS power structure when the average market size exceeds a threshold. Combining the results in Figure 2 and Propositions 3, 4 and 5, we find that the economic and environmental optimality are simultaneously achieved in the MS (RS) power structure, when the average market size is large (small) enough. It implies that the retailer may utilize her power to make the manufacturer invest more than in other cases and both of them achieve optimality of profits in the RS power structure when the demand is small (i.e., µ ≤ 20). On the other hand, if the average market size is large (i.e., µ ≥ 90) enough, the manufacturer is willing to make the most sustainable investment in the MS structure. As a result, both the manufacturer's and retailer's profits are the highest in MS structure when the average demand size is large, due to the notable increase of environmental awareness demand.
Next, we set the average market size as µ = 35. To further present the sensitive analysis, we show how the consumer environmental awareness (i.e., β) affects the manufacturer's profit and emission reduction. We change β from 0.8 to 4 and present the results in Figure 3 .
Consistent with intuition, Figure 3 shows that both the manufacturer's profit and the emission reduction increase in the degree of consumers' environmental awareness. When β is small enough (i.e., β < 3.6), the manufacturer's profit is the highest in the RS power structure, while the emission reduction is the most notable in the MS power structure. Interestingly, when the degree of consumers' environmental awareness exceeds a threshold (i.e., β > 3.6), it is possible to achieve the economic and environmental optimality simultaneously in the MS power structure, from the manufacturer's perspective.
Next, we show the impact of sustainable investment cost (i.e., λ) on the manufacturer's profit and emission reduction, by changing λ from 20 to 36. From Figure 4 , we can observe that the manufacturer achieves the economic and environmental optimality in the MS power structure when the sustainable investment cost is relatively low. With low sustainable investment cost, the gap of investments between the MS and RS power structures is quite significant, which brings about more tax savings and orders at the same time. However, when the sustainable investment cost is high enough, his profit is highest in the RS power structure, while he makes the most sustainable investment in the MS power structure. The results are quite illuminating for the regulators. In practice, subsidies that will reduce the sustainable investment cost are often offered to firms investing in sustainable efforts. It is suggested that the subsidy is the most efficient in MS structure as it enlarges the emission reduction gap, as shown in Figure 4 .
By changing tax credit t from 1.6 to 4.4, we demonstrate the impacts of the unit environmental tax savings (i.e., t) on the manufacturer's profit and emission reduction, respectively. Figure 5 shows that, when the unit environmental tax savings are significantly high, its effect on the emission reduction is extremely notable in the MS power structure. As a result, it brings about the highest profit in the MS power structure, when the tax savings are quite significant. When the tax credit is relatively low, the manufacturer's profit in the MS power structure is lower than that in the RS power structure, though the emissions reduction is most notable in the MS power structure. From the regulator's perspective, it is the most efficient to utilize the environmental tax in order to induce the manufacturer's sustainable investment in the MS power structure. 
Conclusions
This paper studies a two-echelon sustainable supply chain consisting of a single retailer and a single manufacturer, in three different power structures. Following industrial practice and the literature, the manufacturer has incentives, such as environmental tax reduction and attracting emission sensitive demand, to make sustainable investment. The retailer utilizes her order quantity to affect the manufacturer's sustainable investment decision. We investigate and compare the optimal decisions and performance from both economic and environmental perspectives in three power structures. The main findings are as follows.
(1) The retailer's perspective. Both the profit and order quantity of the retailer are the lowest in the VN power structure. There is a threshold of average market sizeμ (µ ), under which the retailer's order quantity (profit) is high in the MS structure. In addition, the retailer's order quantity and related profit in each case will increase if the manufacturer makes the sustainable investment. Thus, we address the fact that the retailer is able to utilize a higher order quantity to attract the manufacturer's sustainable investment.
(2) The manufacturer's perspective. The manufacturer has incentive to make the sustainable investment due to the profit improvement in each structure. Either the profit or sustainable investment of the manufacturer is as a U-shaped function of the manufacturer's power. The numerical analysis shows that with a relatively small average market size, consumer environmental awareness, high sustainable investment or low tax savings per unit sustainable effort, the manufacturer's profit is highest when the retailer is the leader of the supply chain.
(3) The environmental perspective. The emission reduction is more notable in sequential games than that in simultaneous games. When the average market size exceeds a certain threshold, the manufacturer's sustainable investment is the highest in the MS structure. Accordingly, the total emission reduction is the most significant in the MS power structure. On the other hand, a relative small average market size benefits the environment in the RS power structure, by bringing about the highest sustainable investment and the most notable emission reduction.
(4) The consumers' and regulator's perspectives. More consumers can be served in sequential games than that in simultaneous games. It is the most efficient for the regulator to utilize subsidy and environmental tax to induce the manufacturer's sustainable investment in the MS power structure.
This paper is one of the earliest attempts to explore the economic and environmental performance of sustainable investment in three power structures with stochastic demand. In order to obtain the tractable and elegant analytical results, we assume that both the wholesale and retail prices are pre-determined. It may be interesting to set the wholesale price as a decision or to investigate the supply chain coordination with different contracts. In addition, we may consider the multi-retailer setting, and explore how the retail pricing competition and spillover effect influence the sustainable investment and emission reduction. Moreover, we may consider that both supply chain members have an option to make sustainable investment. Eventually, we may extend our model to consider multiple types of sustainable products in a more complex setting with multi-retailers and multi-manufacturers.
The above inequality holds due to the assumption that λ > βt and k ≥ k. The above inequality holds because λ > βt.
